Effects of silica nanoparticle concentration and plasticizer type on color transition of PDA/SiO 2 nanocomposite were investigated. Four types of plasticizer were poly(ethylene glycol-400), glycerol, xylitol and sorbitol. The number of hydroxyl groups in polyol affected to the stability of PDA/SiO 2 nanocomposite molecules. The color of plasticized PDA films exhibited a stronger purple color tone than those of plasticized PDA/SiO 2 films. As increasing time and temperature, the color change of plasticized PDA films occurred faster than plasticized PDA/SiO 2 (10 wt.%) films and plasticized PDA/SiO 2 (20 wt.%) films, respectively. Higher concentration of silica nanoparticles yielded higher stability of PDA/SiO 2 nanocomposite molecules. Plasticized PDA and plasticized PDA/SiO 2 films clearly changed the color from blue to purple, reddish purple and finally red stored at higher temperature (35 °C), whereas they only shifted the color from blue to purple kept at lower temperature (5 °C) throughout storage time. This study confirmed that it is possible to develop a time-temperature indicator for applying with chilled food products.
Introduction
Polydiacetylene (PDA), widely known in a class of conjugated polymers, couples highly aligned backbones via 1,4 addition polymerization of diacetylene monomers and is initiated by UV irradiation [1] . PDA molecules can form bulk materials, multilayer and monolayer films, as well as polymerized vesicles that change color from deep blue (ca. 640 nm of maximum absorption wavelength) to red (ca. 540 nm of maximum absorption wavelength) under external stimuli like temperature [2] [3] [4] , pH [4, 5] , and biological molecules [6, 7] . The PDA vesicles can be prepared from 10,12-pentacosadiynoic acid (PCDA) monomers which contain alternating double-and triple-bond groups in self-assembly polymerization. A PCDA monomer consists of hydrophilic carboxylic group for binding with water, and hydrophobic hydrocarbon chain parts. The PDA and silica nanoparticles could be employed to develop a novel time-temperature indicator (TTI). TTI is in a category of diagnostic packaging as a subclass of intelligent packaging. It can monitor, record, and translate the overall effect of temperature history on food quality in the chilled products [8, 9] . By adding silica nanoparticles, PDA vesicles can strongly interact with functional groups of silica nanoparticles (Si-OH, Si-OH 2 + and Si-O groups) that are driven by an ionic interaction and/or hydrogen bonding [10] , as shown in Figure 1 . Plasticizers are additive that increase the flexibility, workability [11] , mechanical and barrier properties [12, 13] of materials, especially plastics. A plastic composition consists of mainly binder together with plasticizers, fillers, pigments, and other additives. Plasticizers, which do not react to plastic composition, decrease intermolecular hydrogen bonding and increase intermolecular spacing [14] . Plasticizers are divided into (i) internal plasticizer and (ii) external plasticizer. Internal plasticizer's molecules are attached long pendant groups and/or fixed chemical linkage of the plasticizing unit with the polymer chain [15] . In contrast, external plasticizer's molecules are not attached to a polymer chain by primary strong bonds. Thus, internal plasticizer should be used a smaller amount than external plasticizer, which external plasticizer can be more easily varied [16] . PEG-400, glycerol, xylitol and sorbitol were used as external plasticizer in PDA/SiO 2 nanocomposites embedded in poly(vinyl alcohol) (PVOH) films. Due to relatively low cost, they are the most widely used in the industry. As our previous work, Pluronic F127 amphiphilic polymer as plasticizer in PDA vesicles could assist to reduce color transition temperature below 60 °C [3] . Plasticizer does not exclusively increase flexibility [17, 18] during film formation, but it reduces the color transition temperature of PDA/SiO 2 films as well, including appropriate the chilled food product application. This present work aimed (i) at preparing the PDA/silica nanocomposites embedded in PVOH film, (ii) at investigating the effect of silica nanoparticle concentration and plasticizer type on color change, and (iii) at assessing the color change of all treatments upon temperature and time.
Materials and methods

Materials
PCDA, sorbitol (C 6 H 14 O 6 ) and xylitol (C 5 H 12 O 5 ) were purchased from Fluka (St. Louis, MO). Ethanol (C 2 H 6 O) and Pluronic F127 (12,600 molecular weight) were purchased from Merck (Darmstadt, Germany) and Sigma (St. Louis, MO), respectively. Poly(ethylene glycol) (PEG-400, molecular weight = 400) was provided by Siam Chemical Industry (Bangkok, Thailand). Glycerol (C 3 H 8 O 3 ) was purchased from Merck (Darmstadt, Germany). In addition, poly(vinyl alcohol) (PVOH) used as film solution and untreated silica nanopowder (Aerosil® 200), which have a particle size in the range of 12-40 nm, is commercially available from National Metal and Materials Technology Center (Bangkok, Thailand).
Preparation of PDA/silica nanocomposite
PCDA monomer was self-assembly polymerized to obtain PDA with the concentration of 5 mM. Firstly, PCDA monomer was dissolved in an absolute ethanol and ultra-sonicated by sonicator bath at 60-70 °C. After that, it was removed large aggregates using a nylon syringe filter (pore size ~0.45 m). Ten and twenty percent of silica nanoparticles (on the basis of PCDA's weight) were pre-dispersed in deionized water by ultrasonication until homogeneous and clear. Then, this silica nanoparticle solution was added into the PCDA solution to self-assembly form PDA/silica nanocomposite and followed by ultra-sonication at 60-70 °C. Next, this lipid suspension was stored at 4 °C for 24 h, then placed at ambient temperature and irradiated by UV-light to obtain a blue-shaded solution.
Film formation
Poly(vinyl alcohol) (PVOH) (10 wt.%) was used as a substrate for film formation. It was dissolved in hot deionized water (80-90 ºC). Four types of plasticizer including PEG-400, glycerol, sorbitol, and xylitol were used in these experiments. These polyols were weighed and easily dissolved into deionized water to obtain PVOH solutions with a plasticizer concentration (30% of solids). The 5% w/v Pluronic F127 was prepared. Pluronic F127 then mixed with each polyol, used as plasticizer. Film forming suspension consisted of a blue-colored PDA/silica nanocomposite solution and a plasticized PVOH solution. It was casted onto PP sticker film (130 m thickness), then dried at room temperature for 24 h. After that it was cut to a small label (1.5×1.5 cm).
Determination the PDA/silica nanocomposite film's color on temperature change
All films were tested isothermally at different temperatures (5, 15 and 35 ºC) using an incubator (I250-S, Thailand). The color change of films corresponding to the value of total color difference (TCD or E) under different temperatures was recorded in each time interval, using a Chroma Meter spectrophotometer (Minolta CR-400, Japan). The TCD was calculated as described by this equation.
where L* is the brightness difference between initiation and each time interval, a* is the redness-greenness difference between initiation and each time interval, and b* is the yellowness-blueness difference between initiation and each time interval [19] .
Results and discussion
Polydiacetylene vesicles exhibited opaque suspension during an induction of crystallization process and were formed by 1,4 addition of PCDA monomers by polymerization. For silica solution, amorphous silica powder with the chemical formula SiO 2 was suspended in deionized water via ultrasonic oscillation. The form of water soluble silica was silicon hydroxide or called dissolved silica (DSi) which could give higher solubility values at higher temperature [20] . The suspension of PCDA vesicles and dissolved silica were attached by ionic interaction and exhibited more opaque than pure PCDA vesicles. It was found that the silica nanoparticles were incorporated into the center cavity of PCDA vesicles, as previously reported in the study of Nopwinyuwong et al. [10] . After UV irradiation, the colorless PCDA/SiO 2 suspension could change to the deep blue PDA/SiO 2 suspension, as shown in Figure 2 . Although the higher silica concentration (20 wt.%) significantly yielded an appearance of darker blue color tone of PDA/SiO 2 nanocomposites, it increased the degree of opacity, and vice versa. SiO 2 -free PDA suspension resulted in a clearer but lighter blue tone.
Before UV irradiation (a) (b) (c) A pluronic F127 polymer is a nonionic surfactant or dispersing agent in the form of polyethylene oxide (PEO)polypropylene oxide (PPO)-polyethylene oxide tri-block co-polymer (PEO 98 -PPO 67 -PEO 98 ) and assist to increase the stability of PDA vesicles [21] . The structure of polyol used as plasticizer has the different number of hydroxyl groups. PEG-400 has only two hydroxyl groups in repeating unit. Glycerol, xylitol and sorbitol have three, five and six hydroxyl groups, respectively. Xylitol and sorbitol can exhibit symmetrically chemical structure. The lower number of hydroxyl groups in the structure due to low symmetrical structure, the higher mobility of PDA/SiO 2 molecule. Therefore, PEG-400-added PDA/SiO 2 film could clearly show better purple color tone than other polyoladded PDA/SiO 2 films. On the basis of visual criterion, the color of PEG-400-and glycerol-added PDA/SiO 2 films were not significant difference because they were relatively used in small amount of the solution, as shown in Figure  3 . Figure 4 shows the change in TCD of glycerol-added PDA films and glycerol-added PDA/SiO 2 (10 and 20 wt.%) films at 5, 15 and 35 ºC for 168 h. It was found that the TCD values of glycerol-added PDA film was higher than those of glycerol-plasticized PDA/SiO 2 (10 wt.%) film and of glycerol-plasticized PDA/SiO 2 (20 wt.%) film, respectively, especially at higher temperature. At early time (4-7 h), the TCD values gradually increased and changed continuously until it reached stationary phase. For plasticized PDA film, one side of backbone chains has no interaction with silica nanoparticles, thus they could change the mobility with temperature. Temperature dependence should affect to a measured frequencies, including out of plane vibrations and a function of geometrical variables (bond lengths and angles) of PDA molecules [22] . Although storage temperature was below 50 ºC, plasticizer molecules could assist to increase the mobility due to the steric hindrance and induce the ene-yne backbone perturbation of the PDA vesicles [2] . The TCD values of plasticized PDA film could change so quickly. In contrast, the backbone chain of plasticized PDA/SiO 2 films could move hardly due to binding with silica nanoparticles depended on the amount of silica nanoparticles, therefore the TCD values of plasticized PDA/SiO 2 (20 wt.%) films could change slower than those of plasticized PDA/SiO 2 (10 wt.%) films. It was not significant difference at low temperature (5 ºC). The higher temperature had more affect than lower temperature because of increasing the mobility. The plasticized PDA films gradually change from purple to red color. With an addition of the mixture of F127 and polyol, the initial color of all films showed purple and purplish-blue color for plasticized PDA films and plasticized PDA/SiO 2 films, respectively. Figure 5 shows the color change of glycerol-added PDA films and glycerol-added PDA/SiO 2 films upon time and temperature. At all temperatures, glycerol-added PDA films showed clearly the color change from purple to red observed by unaided eyes as compared with glycerol-added PDA/SiO 2 films. Color change from purple to red could clearly occur within one day at 35 ºC, but at 15 ºC and 5 ºC for three and four days, respectively. For the glycerol-added PDA/SiO 2 films, the color change from purplish-blue to purple and finally red could occur more than four days, expect the glyceroladded PDA/SiO 2 (10 wt.%) films at 35 ºC. Because of the insertion of silica nanoparticles into PDA vesicles, it decreased the mobility of side chain. Glycerol-added PDA/SiO 2 (20 wt.%) films could change a color-transition from purplish-blue to red slower than glycerol-added PDA/SiO 2 (10 wt.%) films, but both films had faster colorchanging at higher temperature. The higher temperature induces the p-orbital arrangement of PDA side chain [2] and involves a stage absorb appearance purple or red [23] , therefore shows obviously a color-changing more than lower temperature. However, the color-changing comparison between plasticized PDA films and plasticized PDA/SiO 2 films could be observed by unaided eyes. This is an indication of a feasible development of timetemperature indicator. 
Conclusion
The blue suspension of PDA/SiO 2 nanocomposite can be prepared using ultrasonic technique and UV irradiation. PDA/SiO 2 nanocomposites were formed in a PVOH base film. Although plasticizers used in the mixture between Pluronic F127 and polyol could decrease the color transition temperature of the PDA vesicles, they could increase the mobility of PDA backbone chain. Initially, all films displayed in purple and purplish-blue color for the plasticized PDA films and plasticized PDA/SiO 2 films, respectively instead of blue-colored films. With timetemperature exposure, the color of plasticized films were irreversible change and observed by unaided eyes from purplish-blue to purple, reddish-purple, and finally red color. The higher concentrations of silica nanoparticles in plasticized films had the color change slower than those lower concentrations, because of the binding between the PDA backbone chain and silica nanoparticle molecules. The plasticized PDA films could change from purple to red color within four days at temperature below 35 ºC as compared to plasticized PDA/SiO 2 films. Our further work will be investigated the color change of plasticized PDA/SiO 2 films at below 10 wt.% of silica concentration and temperature below 35 ºC in order to possibly develop TTI system for chilled food product application.
